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ABSTRACT
A number of materials have been evaluated to determine their erosion resistance for fossil energy
applications. This is part of a larger program to study wear and corrosion at Albany Research Center. This
paper will present the results for some of these materials, including FeAl, FeAl cermets, WC-Co cemented
carbides, Si3N4-MoSi2, Si3N4, Stellite 6B, white cast irons and 440C steel. Trends in erosion rates due to
material properties and erosive conditions will be presented. FeAl cermets performed well compared to the
WC-Co cemented carbides. The interparticle spacing of the WC-Co cemented carbides correlated with the
erosion rate. The erosion rate of the WC-Co cemented carbides decreased as the interparticle spacing
decreased. It is important to realize that erosion resistance is not an intrinsic material property, but is a
system response. A change in the wear environment can significantly alter the relative rankings of
materials with respect to their wear rate. For example, at relatively low velocities, the carbides in the white
cast irons are more erosion resistant than the matrix, while at higher velocities the matrix is more erosion
resistant.
INTRODUCTION
Solid particle erosion both at room temperature and at elevated temperature is a significant problem in
fossil energy plants.1–3 Material wastage due to erosion and the combined effects of erosion and corrosion
limit the lifetime of many parts such as pumps, valves, burner nozzles, heat exchanger tubes, and turbine
blades. The Albany Research Center is conducting a program to identify the mechanism of erosion and
corrosion under conditions that simulate fossil energy plants, and to identify materials that are resistant to
erosion and corrosion.
EXPERIMENTAL
FeAl-matrix cermets were produced at Oak Ridge National Laboratory (ONRL) by pressureless melt-
infiltration of powder preforms. TiB2, TiC and WC powders were cold-pressed into preforms
(approximately 25 mm in diameter). The preforms were infiltrated by liquid FeAl (Fe-24 w/o Al which is
equivalent to Fe-40 a/o Al) at 1450°C in a vacuum. Complete details on the processing can be found
elsewhere.4–8 For comparison to the FeAl-matrix cermets, conventional WC-6 w/o Co cemented carbides
were obtained from a commercial vendor. This composition corresponds to Co-90 v/o WC. The
microstructure of these cermets varied in WC grain size, ranging from 0.55 to 1.51 Pm.
An FeAl alloy was also prepared for erosion testing.9 This alloy was prepared by hot-pressing a mixture of
the Fe-28 Al-5 Cr (composition in atomic %) powders with an appropriate amount of elemental Al powder
to the base composition to produce an FeAl alloy consisting of Fe-49.5Al-1.25Cr.
An Si3N4-MoSi2 composite was fabricated at the NASA Lewis Research Center from MoSi2 and Si3N4
powders using a combination hot-pressing and hot isostatic pressing. Complete details on this composite
can be found in previous publications.10–12 The erosion behavior of the composite was compared to that of
monolithic E-Si3N4 samples, WC-6% Co samples and Stellite 6B (Co-28Cr-4W-3Mo w/o) samples from
commercial vendors.
Hypoeutectic, eutectic and hypereutectic high-Cr white cast irons were produced by melting in an
induction furnace and casting in sand molds. The composition (w/o) of the hypereutectic white cast iron
was 3.66 C, 26.0 Cr, 0.79 Si, 0.22 Ni, 0.92 Mn, 0.30 Mo and balance Fe. Details of the sample preparation
were given in previous publications.13,14
The cast steels with TiC reinforcements used in this work were melted in a vacuum induction furnace. The
compositions and details of the sample preparation were given in a previous publication.15 An AISI 440C
steel and eight commercially available TiC particle reinforced P/M composites were used as comparison
materials. The cast steels and the 440C steel were tested in both the as cast and heat treated conditions.
The gas jet erosion test followed ASTM G76-95 (ref. 16). The abrasive used was 50 Pm alumina powder
with a particle feed rate of 2 g/min. The carrier gas was commercial grade nitrogen gas and the abrasive
was mixed with the gas in a commercial mixing device. The mixture was delivered through a 1.5 mm inner
diameter tungsten carbide nozzle where the stream was ejected against the target material. The distance
between the end of the nozzle and the target was 10 mm and the impingement angle was 90° for the room
temperature tests. The particle velocity was 40 m/s for the majority of the tests as determined by a double
disk calibration technique. A few test were run at 70 and 140 m/s. The gas flow rate was adjusted to
maintain the desired particle velocity. The test times were 20 minutes for 40 m/s, 10 minutes for 70 m/s
and 100 s for 140 m/s. For elevated temperature tests, the samples were enclosed in a heated test chamber.
The carrier gas was 99.999% nitrogen for all tests performed at or above 500°C, and the impingement
angle was 75°.
RESULTS AND DISCUSSIONS
Figures 1 and 2 show the erosion rates as a function of temperature for the different WC-Co cemented
carbides and the FeAl cermets.4 Figure 1 shows that the erosion rates of the WC-Co cemented carbides
increases with increasing carbide grain size. This carbide grain size effect on erosion behavior is consistent
with that seen by other research,17–23 and illustrates the dependency of erosion behavior on various
microstructural features of the cemented carbides. Generally, for high carbide volume fractions, the erosion
rate increases as the mean free path of the Co binder increases.17–22 This trend correlates with an increase in
the fracture toughness and a decrease in hardness as the mean free path of the Co binder increases.20
Erosion resistance of the FeAl cermets proceeds in the following way: the most wear resistant (i.e., the
cermet with the lowest erosion rate) FeAl-80 v/o WC > FeAl-40 v/o TiB2 > FeAl-80 v/o TiC the least wear
resistant (i.e., the one that possessed the highest erosion rate.). The erosion resistance of cermets depends
on a complex combination of material hardness and fracture toughness of both the hard reinforcing phase
and the metal binder.17–24 The properties of the eroding particles (such as hardness, size, fracture
toughness, and density) and the velocity of the particles also play a significant role in the erosion
rate.17–20,25–27 The FeAl-80 v/o WC cermet contained a higher volume fraction of hard, erosion resistant
reinforcing phase than did the FeAl-40 v/o TiB2 cermet (Fig. 2). In this case, the FeAl-80 v/o WC cermet
was harder and more erosion resistant than the FeAl-40 v/o TiB2 cermet. The FeAl-40 v/o TiB2 cermet
performed better than the FeAl-80 v/o TiC cermet even though the FeAl-80 v/o TiC cermet was harder and
contained a higher volume fraction of hard reinforcement. In fact, the FeAl-80 v/o TiC cermet was the
hardest of all the FeAl cermets, and yet was the least wear resistant. This behavior can be explained
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Fig. 1. Erosion rate as a function of test
temperature for WC-6w/oCo cemented carbides
of various carbide sizes.
Fig. 2. Erosion rate as a function of test
temperature for FeAl and FeAl cermets.
through examination of the microstructure, and by evaluation of the mechanism by which material was
removed from the surface during erosion.
The damage in the erosion crater of the FeAl-80 v/o WC cermet is very similar in appearance to the
damage of the conventional WC-Co cemented carbide (compare Figs. 3 and 4).4 Material is worn from the
FeAl-80 v/o WC and WC-Co surfaces by chipping and cracking of the carbide particles and through the
normal process of ductile erosion of the binder. During erosion of the FeAl-40 v/o TiB2 cermet, on the
other hand, the FeAl matrix is preferentially worn, thereby exposing the TiB2 particles (Fig. 5). In this
case, the Al2O3 erodent particles were sufficiently small compared to the TiB2 particle network to allow for
preferential wear of the FeAl binder. The microstructural features of the FeAl-WC cermet and the WC-Co
cemented carbide were of such a scale to prevent preferential FeAl and Co binder wear.
The morphological features of the damage in the erosion crater of the FeAl-TiC cermet appear much
different than the damage in the FeAl-WC cermet and WC-Co cemented carbide (compare Fig. 6 to Figs. 3
and 4).4 The FeAl-TiC cermet contained relatively coarse (i.e., greater than 10 Pm in diameter) TiC
particles. The TiC particles were easily fractured during erosion, where evidence of cleavage fracture is
clearly visible in the erosion crater. Apparently, the fracture toughness of the TiC is much less than the WC
or TiB2.
Examination of Figs. 1 and 2 reveal that the erosion rates of the Fe-Al cermets tend to decrease (FeAl-WC,
FeAl-TiC) or remain constant (FeAl-TiB2) with increasing temperature, whereas, the erosion rates of the
WC-Co cemented carbides continually increase with increasing test temperature.4 At temperatures less
than 700°C, the WC-Co cemented carbides were significantly more resistant to particle erosion than the
FeAl-cermets. This was expected, because the WC-Co cemented carbides contain a higher volume fraction
of carbide particles, and thus smaller interparticle spacing than the FeAl-cermets. However, at 700°C, the
erosion resistance of the FeAl-TiB2 and FeAl-TiC cermets was equivalent to that of the course (1.51 Pm)
carbide WC-Co cemented carbide. The erosion resistance of the FeAl-WC cermet was approximately 33%
lower than the course WC-Co cemented carbide, and equivalent to the fine (0.55 Pm) WC-Co material.
One potential reason for these trends may be related to the relative oxidation resistance of the respected
materials, specifically the binders. Although the erosion tests were performed using a nitrogen carrier gas
Fig. 3. Erosion damage inside the erosion
crater of WC-6v/oCo after testing at room
temperature.
Fig. 4. Erosion damage inside the erosion
crater of FeAl-80v/oWC after testing at room
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Fig. 5. Erosion damage inside the erosion
crater of FeAl-40v/o TiB2 after testing at room
temperature.
Fig. 6. Erosion damage inside the erosion
crater of FeAl-80v/oTiC after testing at room
temperature. The arrows point to cracks in the
TiC.
in a furnace backfilled with nitrogen prior to testing, the nitrogen carrier gas contains some residual oxygen
and the test chamber is not completely sealed to the ambient environment. Consequently, the specimens
experience a mild oxidative environment. Specimens exposed to the nitrogen gas stream at 700°C without
Al2O3 gained weight from oxidation.4 The WC-Co alloys gained significantly more weight than the FeAl-
cermets. Thus, the FeAl binder of the FeAl-cermets provides more oxidation protection than the Co binder
of the WC-Co cemented carbides. During erosion, the formation of the oxide products on the surface can
significantly affect erosion resistance. Typically, an oxide is brittle, and usually is more easily removed
during erosion than the non-oxidized carbide. It appears that oxidation did not degrade the erosion
resistance of the FeAl-cermets at the temperatures used in this study. Other mechanical factors, such as the
influence of temperature on hardness, on interfacial strength between binder and the hard particle, and on
fracture resistance may also contribute to the erosion behavior of these materials, but these specific
mechanisms have not been studied to date.
Also shown in Fig. 2 are the erosion rates for a FeAl alloy.9 At low temperatures (less than 500°C), the
FeAl alloy had the highest erosion rate. However, at elevated temperature the FeAl alloy had a large drop
in erosion rate. The measured erosion rate for FeAl alloy at 700°C was approximately half of the erosion
rate for this alloy at room temperature. It is not uncommon for the erosion rates of metals and alloys to
decrease with increasing temperature in this temperature range.2,3
Figure 7 shows the erosion rates of the Si3N4-MoSi2 composite, Si3N4 and Stellite-6B.10 The measured
erosion rate for Stellite-6B decreased slightly as the test temperature increased. This was similar to the
trends for the FeAl-cermets discussed above. The erosion rate for the Si3N4-MoSi2 composite remains
relatively constant from room temperature to 700°C. The erosion rate decreased at 900qC. This decrease
may be a result of a softening of the MoSi2 phase at 900qC. However, there also was a drop in the erosion
rate of the Si3N4 at 700qC. The erosion rate of the Si3N4 increased from 180 to 500qC, then decreased from
500 to 700qC. Scanning electron photomicrographs show the erosion damage in the wear scars of the
Si3N4-MoSi2 composite and Si3N4.10 Material is removed by a brittle fracture mechanism, where cracks are
formed as a result of particle impact and subsequently coalesce and intersect under the surface, as shown in
Fig. 8. The damage appears similar for both the Si3N4-MoSi2 composite and Si3N4.
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Fig. 8. Erosion damage inside the erosion
crater of Si3N4-MoSi2 after testing at room
temperature.
The erosion rates of the white cast irons eroded by the alumina particles in the jet erosion test are shown in
Fig. 9 (ref. 14). The erosion rate increased as a function of the particle velocity. The erosion rate did not
change significantly with carbide content at 40 and 70 m/s. At 140 m/s the hypereutectic white cast iron
had a higher erosion rate than the other two white cast irons. The appearance of the surface of the
hypereutectic white cast iron eroded by the alumina is shown Figs. 10 and 11. For the hypereutectic white
cast iron eroded at 40 and 70 m/s, the primary carbides protrude from the surface relative to the eutectic
matrix (Fig. 10). While at 140 m/s, the primary carbides are recessed relative to the eutectic matrix
(Fig. 11). In all cases, the erosion appeared to have occurred by a ductile processed on both the primary
carbides and the eutectic matrix. The impact craters formed by the alumina particles have edges with
extruded platelets.14 The observation of a protruding hard phase under one set of erosion conditions and
recessed hard phase under another set of condition have been observed by other researchers.25–27 The
protruding hard phase is associated with a reduced erosion rate for the composite (or cast iron) relative to
the unreinforced matrix, while the recessed hard phase is associated with an increased erosion rate relative
to the unreinforced matrix material.25–27
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Fig. 11. Erosion damage inside the erosion
crater of hypereutectic white cast iron after
testing at 140 m/s.
The results of the jet erosion test on the as cast and heat treated Cr/TiC steels, 440C steels, and TiC particle
reinforced P/M composites are summarized in Fig. 12. In this figure, the erosion rate is graphed as a
function of hardness. Two features stand out. First, the erosion rate of the as-cast 440C is very good given
its low hardness. Second, the erosion rates of the TiC particle reinforced P/M composites are not very good
given their high hardness. These trends are consistent with a number of other studies. For most methods
used to strengthen metals, the erosion rate increases or remains the same as the strength (and hardness)
increases.1, 24–32
Hardness, HRC
30 40 50 60 70 80
E
ro
s
io
n
 
R
a
te
,
 
m
m
3  
g
-
1
0.006
0.007
0.008
0.009
0.010
0.011
0.012
Cast Cr/TiC steels 
Type 440C steel
P/M Ferrotic
Fig. 12. Erosion rates of Cr/TiC steels, 440C
steels, and TiC particle reinforced P/M
composites.
CONCLUSIONS
Several trends due to material properties and erosive conditions have been observed in the erosion rates of
the materials tested in this study. The erosion rate of WC-Co cemented carbides decreased as the
interparticle spacing decreased. Hard reinforcing phases of WC and TiB2 provide more erosion resistance
than TiC in FeAl matrix cermets. It appears that oxidation did not degrade the erosion resistance of FeAl-
cermets, while oxidation degraded the erosion resistance of WC-Co cemented carbides. At relatively low
velocities, the carbides in the white cast irons are more erosion resistant than the matrix, while at higher
velocities the matrix is more erosion resistant.
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